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ABSTRACT 
There have been numerous studies on phosphorus (P) contributions from surface runoff, but 
studies comparing the contribution of surface versus subsurface P are limited, as subsurface 
transport is often considered negligible.  Previous work has shown that the transport of P in the 
gravelly subsurface at two sites in northeast Oklahoma can be significant, especially in preferential 
flow paths (PFPs), hypothesized to be buried gravel bars.  The objective of this project was to 
quantify subsurface P losses based on field data, and compare with surface runoff P losses derived 
from Pasture Phosphorus Management Calculator (PPM Plus) simulations.  Ozark ecoregion study 
sites adjacent to the Barren Fork Creek and Honey Creek, neither of which have received litter 
applications or extensive cattle production in the past decade, were instrumented with observation 
wells.  Groundwater levels and P concentrations were monitored for several months.  Using a P 
transport capacity equation and Monte Carlo simulations based on appropriate statistical 
distributions derived from these data, the mean subsurface P load traveling along with the 
groundwater through the non-PFP flow domain and a single PFP was estimated to be 0.12 kg yr-1 
and 0.02 kg yr-1 for the Barren Fork Creek and Honey Creek field sites, respectively. Monte Carlo 
simulations for surface loads were performed using PPM Plus based on current site conditions 
(i.e., no fertilization or cattle grazing), resulting in average total P surface runoff loads of 0.46 kg 
yr-1 for the Barren Fork Creek site and 0.67 kg yr-1 for the Honey Creek site.  Simulations were 
also performed based on typical intensive pasture management for the region with poultry litter 
application and cattle grazing.  These simulations resulted in average total P surface runoff loads 
of 14.0 kg yr-1 at the Barren Fork Creek site and 9.8 kg yr-1 at the Honey Creek site, two orders of 
magnitude greater than the estimated subsurface P transport capacities on low intensity 
agricultural fields.  Subsurface P contributions with a single PFP was significant compared to 
surface runoff loads for the low intensity agricultural fields.  These results indicated that the 
subsurface P capacity of alluvial floodplains in the Ozark ecoregion was at least 0.01 to 0.10 kg yr-
1, although the capacity may be higher in cases with greater numbers of PFPs and where the 
subsurface is connected to a larger P source.  Further work on subsurface P transport should 
address sites with P application and the factors that influence P leaching through the topsoil.   
KEYWORDS.  alluvial floodplains; hydrologic modeling; phosphorus management; preferential 
flow; subsurface transport 
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 INTRODUCTION 
Phosphorus (P) is a necessary nutrient for terrestrial and aquatic plants, yet over-application of 
organic and/or inorganic fertilizers to agricultural fields can result in elevated Soil Test 
Phosphorus (STP) levels and can lead to eutrophication in receiving streams and reservoirs 
(NRCS, 1994).  One such area of concern is eastern Oklahoma and western Arkansas where 
poultry litter is often applied based on nitrogen requirements, resulting in excessive P application 
(White, 2007).  Sharpley at al. (2003) noted that feed imported to support concentrated poultry 
production has resulted in a net increase of nutrients in the region.  After export of poultry 
products, what remains in the region is nutrient rich poultry litter, which is bulky and expensive to 
export.  Therefore, the poultry litter is applied to nearby pastures as an inexpensive fertilizer, and 
over time results in elevated STP with an increasing risk of P loss to streams and reservoirs. 
Nonpoint source P pollution became a major focus in the 1970’s and 1980’s after it was discovered 
that reducing point source pollution did not significantly improve water quality in many 
watersheds (Crowder and Young, 1988).  Compared to point source load reduction, nonpoint 
source load reduction is much more difficult and complex (Sims and Sharpley, 2005).  The design 
and implementation of agricultural conservation practices to reduce P in runoff, such as buffer 
strips, riparian zones, terracing, and cover crops, are site specific and may be difficult to 
implement as economic, social, and political considerations affect farmers’ willingness to adopt 
and maintain these practices (Sharpley et al., 2003; Sims and Sharpley, 2005).   
As in the 1970’s and 1980’s when the focus was on the easily measurable and reducible point 
sources, implementation of riparian buffer zones and other conservation practices currently focus 
on the more easily understood and observable surface runoff mechanism (Lacas et al., 2005; 
Popov et al., 2005; Reichenberger et al., 2007; Poletika et al., 2009; Sabbagh et al., 2009).  
Although conservation practices can reduce P loss in surface runoff, the movement of subsurface P 
and its contribution to the receiving stream system may need to be considered.  Studies have 
shown that subsurface nutrient transport can be significant in soils with spatially variable 
hydraulic conductivity (Carlyle and Hill, 2001), preferential flow pathways (McCarty and Angier, 
2001; Polyakov et al., 2005; Fuchs et al., 2009; Heeren, et al., 2010a), and limited soil sorption 
capacity (Cooper et al., 1995; Carlyle and Hill, 2001; Polyakov et al., 2005).  For example, Storm 
et al. (2009) used Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998) to model the 
Illinois River basin in eastern Oklahoma and western Arkansas.  They estimated 7% of nonpoint 
source P contributions were derived from baseflow compared to 22% due to surface runoff from 
application of poultry litter.  
The objective of this project was to compare subsurface P flux from two field sites in northeastern 
Oklahoma (Barren Fork Creek and Honey Creek) to the surface runoff P loads based on 
simulations of the Pasture Phosphorus Management Calculator (PPM Plus) (White, 2007; White et 
al., 2009; White et al., 2010).  Using long term monitoring of water elevation and P concentrations 
at the two field sites, the subsurface P capacity was quantified and compared to the total P surface 
runoff loads predicted by PPM Plus. 
 
MATERIALS AND METHODS 
Barren Fork Creek and Honey Creek Floodplain Sites 
The two floodplain sites were located in the Ozark ecoregion of northeastern OK. The Barren Fork 
Creek (Figure 1a, latitude: 35.90°, longitude: -94.85°) and Honey Creek sites (Figure 1b, latitude: 
36.54°, longitude: -94.70°) were immediately downstream of U.S. Geological Survey (USGS) 
gage stations 07197000 and 07189542, respectively. With a watershed size of 845 km2, the Barren 
Fork Creek site had a median daily flow of 3.6 m3 s-1 and was a fourth order stream.  Honey 
Creek, a third order stream, had a 0.54 m3 s-1 median daily flow and a 150 km2 watershed. Both 
floodplain sites consisted of alluvial gravel deposits underlying a mantle of topsoil (Razort 
gravelly loam). The Barren Fork site’s topsoil thickness ranged from 0.5 to 1.0 m with a STP of 30 
mg/kg. The alluvial floodplain consisted of a hay field with no fertilizer applied in recent years 
 (2) 
(1) 
and had an area of 2.7 ha with a 0.004% slope.  The Honey Creek site had a topsoil thickness 
ranging from 0.1 to 0.5 m and a higher STP level of 53 mg/kg due to historical poultry litter 
application. The site had a 0.01% slope and a total area of 3.2 ha, of which 1.5 ha was forest along 
the stream and the remainder was a hay field.   
Subsurface P Sampling 
Based on previous work by Miller et al. (2010), 24 observation wells were located and installed at 
each site.  Assuming a positive correlation between electrical resistivity and saturated hydraulic 
conductivity (K), well locations were selected in both high conductivity (PFP) and low 
conductivity (non-PFP) subsoils (Miller et al., 2010).  Using a peristaltic pump, groundwater 
samples were collected during high flow events, preserved on ice, transported back to the 
laboratory, and digested based on the sulfuric acid-nitric acid method (Pote et al., 2009).  Total P 
concentrations were then determined colorimetrically (Murphy and Riley, 1962; EPA Method 
365.2) with a spectrophotometer (Spectronic 21D, Milton Roy, Ivyland, PA).  
Subsurface Phosphorus Transport Capacity 
The subsurface P transport capacity was defined as the average subsurface load crossing the down-
gradient boundary of the observation well field at each field site (i.e., the south boundary at the 
Barren Fork Creek site and the northwest boundary at the Honey Creek site).  Subsurface P load 









where Q is the groundwater discharge (L3/T), q is the Darcy velocity (L/T), h is the groundwater 
head (L), x is the distance along the direction of flow (L), A is the cross-sectional area (L2), w is 
the width of the monitored boundary or groundwater flow domain (L), d is the depth of the aquifer 
(L), and i is the average groundwater gradient (L/L).  Note that this equation was applied 
separately to PFP and non-PFP groundwater domains crossing the selected boundary at each field 
site with their site specific width (w) and depth (d) of the aquifer domain.  The P transport 
capacity, mp, (M/T) was then calculated using the following equation: 
dP nTPQm ××=  
where TP is the total P concentration (M/L3) measured from observation wells in the PFP and non-
PFP domains, and nd  is the number of days per year in which each groundwater flow domain was 
activated.   
A Monte Carlo simulation was performed using 10,000 realizations of subsurface transport 
capacity due to uncertainty in several variables; six variables were selected with the distributions 
and statistics shown in Table 1.  A normal distribution after a Box Cox transformation was used  
 
Figure 1. Observation well locations for (a) Barren Fork Creek site, located near Tahlequah, Oklahoma, and  
(b) Honey Creek site, located near Grove, Oklahoma.  Arrows indicate stream flow direction. 
 Table 1. Distributions and their statistics for input parameters used in the Monte Carlo simulations at both the 
Barren Fork Creek (BFC) and Honey Creek (HC) field sites. Note that unique distributions were used for the 
preferential flow (PFP) and non-preferential flow (non-PFP) domains. 










Normal after power function (λa =-0.62); µxb=0.13; σxb=0.04 
Normal after power function (λ=-0.62); µx=0.13; σx=0.04 
Normal after power function (λ=0.23); µx=2.3; σx=0.17 












Uniform; Min=0.0005; Max=0.0015 
Uniform; Min=0.0015; Max=0.0025 
Uniform; Min=0.0005; Max=0.0015 
Uniform; Min=0.0015; Max=0.0025 







Uniform; Min=2.0; Max=3.0 
Uniform; Min=1.5; Max=2.5 
Uniform; Min=0.25; Max=1.0 
Uniform; Min=0.5; Max=1.5 











Uniform; Min=5.0; Max=10 
Fixed; 65 











Uniform; Min=2.0; Max=3.0 
Uniform; Min=1.5; Max=2.5 
Uniform; Min=0.25; Max=1.0 











Lognormal; µx=2.19; σx=1.02 
Fixed; 365 
Lognormal; µx=1.34; σx=1.17 
aλ= exponent for the power transformation of the original distribution. 
bµx , σx = mean and standard deviation for the normal and lognormal distributions. 
 
to quantify K using electrical resistivity measurements correlated to point measurements of K as 
reported in Miller et al. (2010).  The aquifer width, w, was held constant for each field site for the 
non-PFP domain, but varied for the PFP domain assuming a uniform distribution.  The w of the 
PFP was stochastic since electrical resistivity data were not available for the entire floodplain site.  
The distribution for d was assumed uniform for both PFP and non-PFP domains.  Differences in d 
between the PFPs and non-PFPs were identified based on electrical resistivity mapping of high K 
zones at each field site as reported in Miller et al. (2010).  The non-PFP domain was assumed 
active for 365 days; therefore, a fixed value was used for these calculations.  The PFP activity was 
quantified based on the minimum stream stage that resulted in PFP activation during the study 
period (Heeren et al., 2010b). This parameter distribution was derived from 60 yr and 11 yr of 
daily mean streamflow measurements by the USGS at the Barren Fork Creek and Honey Creek 
sites, respectively.  For the Barren Fork Creek and Honey Creek field sites, the activation stage 
corresponded to flows of 43.0 and 5.7 m3 s -1, respectively.  A lognormal distribution was used for 
nd for PFP activation.  The P transport capacity or P load was therefore highly dependent on nd.  
Uniform distributions were used for i and TP with unique i and TP for the PFPs and non-PFPs.  
The i and TP distributions were derived from groundwater level and P concentrations measured in 
the observation well fields with higher i and TP for the PFP domains due to their activation during 
storm events (Heeren et al., 2010b).   
 
 
 Surface Runoff Phosphorus Loads 
PPM Plus is a software tool which predicts the amount of P and sediment in runoff from an 
agricultural field in Oklahoma (White, 2007; White et al., 2009; White et al., 2010).  It predicts the 
average annual P and sediment load delivered to the nearest stream from a single agricultural field 
using a region-specific, 15-yr weather period.  PPM Plus can be used to simulate a myriad of 
management options by accounting for detailed field characteristics and land management.  PPM 
Plus is based on the Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998); a product of 
more than 30 years of model development by the U.S. Department of Agriculture, Agricultural 
Research Service. Models like SWAT are primarily used by highly trained specialists and are too 
complex for use by most conservation and nutrient management planners. PPM Plus simplifies the 
operation of SWAT to put the predictive power of a proven water quality model into the hands of 
people who make daily decisions that affect water quality.   
Due to its ease of use and applicability, PPM Plus was selected to estimate the average annual P 
loss from the two field sites.  PPM Plus was parameterized for the Barren Fork Creek and Honey 
Creek field sites for two scenarios (Table 2). The first scenario represented low intensity  
 
Table 2. High and low intensity agricultural production scenario PPM Plus inputs for the Barren Fork Creek 
and Honey Creek field sites. 
Input Parameter Barren Fork Creek Honey Creek 
 Common Inputs  
Land Use Pasture Pasture 
Field Area (ha)  2.7 1.7 
Riparian Buffer Area (ha) 0 1.5 
Riparian Buffer Width (m) 0 53 
Field Slope Length (m) 120 120 
Distance to Stream (m) 0 0 
Bank Full Width (m) 34 24 
Soil Type Razort Gravelly Loam Razort Gravelly Loam 
Forage Type Mixed Warm and Cool Season Grasses Mixed Warm and Cool Season Grasses 
Low Intensity Agricultural Production Scenario 
Grazing Density (AU/acre) 0 0 
Management Operation Hay - August Hay - August 
High Intensity Agricultural Production Scenario 
Grazing Density (AU/ha) 1.2 1.2 
Grazing Duration 365 Days with 
Supplemental Feed 
365 Days with 
Supplemental Feed 
Forage Management Optimally Managed Optimally Managed 
Fertilization 6 Mg/ha Poultry Litter  
March 1 
6 Mg/ha Poultry Litter 
March 1 
 
agricultural production for pasture without any cattle grazing, which was the current land use.  The 
only agricultural activity was hay removal scheduled for August.  The second scenario represented 
high-intensity agricultural production for pasture with a high stocking rate of 1.2 animal units 
(AU) per ha and a 6 Mg/ha poultry litter application rate in March to meet the nitrogen 
requirements for a 9000 kg ha-1 forage yield goal (Zhang et al., 2009).  Due to uncertainty in 
several variables, a Monte Carlo simulation was performed with 10,000 computations on six 
variables, which were selected due to their uncertainty and sensitivity. Table 3 shows the six input  
 
 Table 3. Distributions and their statistics for input parameters used in the Monte Carlo simulations at both the 
Barren Fork Creek (BFC) and Honey Creek (HC) field sites.  Results were entered into the PPM Plus 
Phosphorus Tool. 
Site Input Parameter Input Distribution for Monte Carlo 
Barren Fork 
Creek 
Soil Test Phosphorus (mg/kg) 
Curve Number 
Triangular; Min=57.0; Mode=59.0; Max=61.0 
Uniform; Min=55.0; Max=67.0 
 Slope (m/m) 
Phosphorus Percolation Coefficient 
Phosphorus Soil Partitioning Coefficient 
Phosphorus Sorption Coefficient 
Uniform; Min=0.0036; Max=0.0044 
Uniform; Min=10.0; Max=17.0 
Uniform; Min=100; Max=300 




Soil Test Phosphorus (mg/kg) 
Curve Number 
 
Triangular; Min=103.0; Mode=106.0; Max=110.0 
Uniform; Min=55.0; Max=67.0 
 Slope (m/m) 
Phosphorus Percolation Coefficient 
Phosphorus Soil Partitioning Coefficient 
Phosphorus Sorption Coefficient 
Uniform; Min=0.009; Max=0.011 
Uniform; Min=10.0; Max=17.5 
Uniform; Min=100; Max=300 
Uniform; Min=0.20; Max=0.60 
 
parameters and their distributions and statistics.  A triangular distribution was used for STP using 
three random samples at each site; a uniform distribution was chosen for the other five variables.  
The curve number (CN) distribution varied by +/- 10% and was centered at the CN for a Razort 
soil (hydrologic soil group B) (Soil Conservation Service, 1972) for pasture in good condition 
(Haan et al., 1994).  The average field slope was estimated from ArcGIS using the 2008 National 
Agricultural Imagery Program Mosaic (NRCS, 2009).  The distribution was then taken as +/- 10% 
of the calculated value.  The distributions for P percolation coefficient (PPERCO), P soil 
partitioning coefficient (PHOSKD), and the P sorption coefficient (PSP) were based on 
professional judgment and the SWAT recommended calibration range (Neitsch et al., 2002).  
RESULTS AND DISCUSSION 
Based on the Monte Carlo simulation of the subsurface load (Equations 1 and 2), the estimated 
average total subsurface P load transport capacity (i.e., annual P load) of the non-PFP flow domain 
at the Barren Fork Creek field site was 0.10 kg yr-1.  This compared to an average of 0.02 kg yr-1 
from the single PFP.  The average total P load from surface runoff based on the PPM Plus Monte 
Carlo simulations was 0.58 kg yr-1 from the current conditions and 14.0 kg yr-1 with litter 
application and cattle grazing (Figure 2a).  For the Honey Creek site, the estimated average 
subsurface P transport capacity (i.e., annual P load) was 0.02 kg yr -1, respectively, in the non-PFP 
domain and 0.0004 kg yr-1 in the single PFP.  These results compared to 0.67 kg yr-1 of surface P 
runoff based on current site conditions and 9.8 kg yr-1 of surface P runoff with poultry litter 
application and cattle grazing (Figure 2b).  
The Honey Creek site had a smaller subsurface P transport capacity due to a smaller aquifer cross-
sectional area (both in terms of d and w) and K compared to the Barren Fork Creek site.  As stream 
order increases, d and K increase due to larger gravel deposits. Therefore, the size of the PFP was 
larger at the Barren Fork Creek site making the P load higher than at Honey Creek, the smaller 
order stream.   
The subsurface P capacity was in the same order of magnitude relative to the surface runoff P load 
at the current site conditions, yet was small compared to the simulation with poultry litter 
application and cattle grazing.  Though the total P capacity was small in the PFP due to the small 
area and number of days active, it may provide rapid transport from the ground surface to the 
  
Figure 2. Total phosphorus load capacity of subsurface based on Equations 1 and 2 and total phosphorus loads 
of surface runoff based on PPM Plus simulations at the Barren Fork Creek and Honey Creek field sites. PFP = 
preferential flow pathways; non-PFP = non-preferential flow.  All curves were generated with Monte Carlo 
Analysis. 
aquifer and then from the aquifer to the stream.  In areas where there is a larger number of PFPs 
and/or during years where the PFP remains active for longer periods of time, the PFPs may 
provide a larger P transport capacity.  For example, the P load transport capacity at the 99th 
percentile of the Monte Carlo simulation was 0.10 kg yr-1 in the single PFP at the Barren Fork 
Creek, or 25% of the median surface runoff P load from the current conditions.  
The Illinois River, of which the Barren Fork Creek is a tributary, may have a deeper aquifer, 
higher K, and larger PFPs, resulting in a higher subsurface P capacity.  Therefore, as the stream 
order increases, the significance of subsurface P capacity and PFPs may also increase.  
These results suggest that the subsurface P capacity of alluvial floodplains with one PFP in the 
Ozark ecoregion may be at least 0.01 to 0.10 kg/yr and perhaps even higher in cases where the 
subsurface is connected to a larger source of P.  The field data used in this analysis did not include 
floodplains with poultry litter application or cattle production.  Further work is needed to quantify 
P leaching through the surface topsoil, potentially resulting in additional subsurface P loads.   
CONCLUSIONS 
Research has shown that subsurface P contributions can be significant in soils with spatial 
variability in hydraulic conductivity, preferential flow pathways, and limited sorption capacity in 
riparian zone soils.  This study estimated subsurface P transport capacity as quantified by annual P 
load crossing the outflow boundary of two groundwater systems, with uncertainty parameters 
quantified through Monte Carlo simulation.  The subsurface P transport capacity was compared to 
surface runoff loads based on simulations of PPM Plus. Results suggested that the subsurface P 
transport capacities were significant compared to surface runoff P loads at low intensity 
agricultural field sites.  Though the subsurface contributions were small compared to the PPM 
Plus simulations with more intensive land use, floodplains with poultry litter application or cattle 
grazing may have a corresponding increase in subsurface P transport. The field sites in this study 
had low agricultural intensity; therefore, the calculated subsurface P transport included a relatively 
small amount of P leaching from the surface.  Future work needs to quantify P leaching through 
the soil from a surface P source and determine whether this significantly elevates levels of 
subsurface P transport. It is hypothesized that as the stream order increases, the significance of 
subsurface P transport capacity and preferential flow pathways increase. 
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